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Exergy Analysis of Photovoltaic
Panels-Coupled Solid Oxide Fuel
Cell and Gas Turbine-Electrolyzer
Hybrid System
Exergy losses represent true losses of potential to generate a desired product, exergy effi-
ciencies always provide a measure of approach to ideality, and the links between exergy
and both economics and environmental impact can help develop improvements. In this
study, PV-coupled Solid Oxide Fuel Cell (SOFC) and Gas Turbine (GT)-electrolyzer
hybrid power generation system is considered to determine the contribution of different
hybrid system components in the total exergy loss. The number of panels, the power of
SOFC–GT, and the power of electrolyzer can have different values. Therefore, to obtain
the optimum combination from ecological, economical, and reliability points of view, a
multi-objective optimization algorithm (PESA) is considered. This optimization method
chooses a set of optimum solutions that is known as Pareto frontier. The exergy loss of
some of these optimum solutions is compared with each other. The effect of panel angle
and SOFC–GT fuel type on the hybrid system exergy loss is considered in this study.
Also, the hybrid system exergy loss is determined in different months of the year to obtain
the worst month from exergy loss view. [DOI: 10.1115/1.4026313]

Keywords: exergy, hybrid system, photovoltaic, solid oxide fuel cell–gas turbine, electro-
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1 Introduction

Efficient usage of energy and using the renewable sources of
energy become more important in our world, where the green-
house gas emissions are at warning level and the fossil fuels are
limited. One of the renewable sources of energy is solar energy.
Solar energy can be used for electricity generation with photovol-
taic (PV) systems. The conversion of solar is clean, silent, and
reliable, with reduced maintenance costs, and with small ecologi-
cal impact. Moreover, sunlight is for free, practically inexhausti-
ble and involves no polluting residues or greenhouse gases
emission. Along with these advantages, the electric power produc-
tion systems using as primary sources exclusively the solar, pose
technical problems due to day–night–summer–winter alternation.
Such systems would be especially adapted when coupled with a
storage system and an auxiliary system that would both increase
the productivity of power plants and reduce the areas dedicated to
energy production. Such systems, dedicated to decentralized pro-
duction of electric power based on combined sources of energy,
are called hybrid systems. Baniasad Askari and Ameri [1] studied
a simple optimization method for calculating the optimum config-
urations of photovoltaic–battery (PV–bat) hybrid system with
high reliability and minimum cost. The proposed method had
been applied to design a PV–bat system to supply a typical load
requirement in a remote region in Kerman, Iran. Nafeh [2] sized a
PV/Diesel generator hybrid energy system to meet the load for
about 100% availability. The operation of the diesel generator and
the number of the PV modules and batteries were optimized for a
given load characteristic and a given diesel generator that would
achieve a minimum initial cost and a desired depth of discharge
for battery storage. Khatiba et al. [3] performed an optimization
for building an integrated hybrid PV/diesel generator system for

zero load rejection for Malaysia. The optimization presented in
their work aims to calculate the optimum capacities of a PV array
and diesel generator, which investigate the minimum system cost.
Baniasad Askari and Ameri [4] used PV-diesel-battery power sys-
tems to meet typical load requirements in a remote region in Ker-
man, Iran. They used a simple optimization method to determine
the systems with high reliability and low cost.

Producing the energy carrier hydrogen is one method for storing
electricity from solar PV systems. Surplus electricity can be con-
verted to hydrogen via water electrolysis, and the hydrogen can be
stored and used to generate electricity in a fuel cell when required.
Nabil et al. [5] presented a hybrid energy system combining variable
speed wind turbine, solar photovoltaic, electrolyzer, and proton
exchange membrane (PEM) fuel cell generation systems to supply
continuous power to residential power applications as stand-alone
loads. Sergio et al. [6] presented an economical assessment and opti-
mization of a hybrid distributed generation system, comprised of a
PV system, PEM fuel cell, and batteries as a potential source of
energy for isolated communities in the Amazon region. Eroglu et al.
[7] proposed a photovoltaic/wind/electrolyzer/PEM fuel cell hybrid
power system for stand-alone applications demonstrated by a mobile
house. They showed that different renewable sources can be used
simultaneously to power off-grid applications.

Because of high-temperature products, SOFCs are suitable to
combine with gas turbine or micro gas turbine. Harvey and
Richter [8] considered the combination of SOFC with conven-
tional power generation technology to develop power plant con-
figurations that are both functional and efficient. They also
discussed this cycle in more detail, with an in-depth discussion of
all cycle component characteristics and losses [9]. Lobachyov and
Richter [10] presented a theoretical study of a high-efficiency
coal-fired power plant that the Conoco coal gasification process
was linked with SOFC and state-of-the-art gas turbines. Cheddie
[11] indirectly coupled the SOFC system to the GT in order to
minimize the disruption to the GT operation. Santin et al. [12]
considered a study of SOFC–GT hybrids for operation with liquid
fuels. Two liquid fuels were investigated, methanol and kerosene,
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in four layouts, taking into account different fuel processing
strategies.

Because of the large number of variables usually considered and
the mathematical models applied, classical optimization techniques
may consume excessive central processing unit (CPU) time or even
prove unable to take into account all the characteristics associated
with the posed problem. During the last three decades, heuristic
techniques have been applied. One of the most used heuristic techni-
ques has been the multi-objective evolutionary algorithms
(MOEAs). Bernal-Agust and Dufo-Lopez [13] applied the strength
Pareto evolutionary algorithm to the multi-objective design of iso-
lated hybrid systems, minimizing both the total cost and the unmet
load. They also studied a triple multi-objective design of isolated
PV wind–diesel–hydrogen–battery system that minimized, simulta-
neously, the total cost throughout the useful life of the installation,
pollutant emissions (CO2) and unmet load by a MOEA and a genetic
algorithm (GA) [14]. Sadeghi and Ameri [15] presented a multi-
objective optimization method for calculating the optimum configu-
rations of photovoltaic battery systems with high reliability and min-
imum cost for different tilt angles of the panels.

An exergy analysis has proven to be a powerful tool in the sim-
ulation thermodynamic analyses of energy systems and it has
been used in the design, simulation and performance evaluation of
energy systems [16,17]. This analysis shows the possibilities for
improvements in terms of thermodynamics and cost aspects. Sai-
dur et al. [18] carried out a comprehensive literature review on
exergy analysis of various solar energy systems. They considered
solar photovoltaic, solar heating devices, solar water desalination
system, solar air conditioning and refrigerators, solar drying pro-
cess and solar power generation; and the summary of exergy anal-
ysis and exergetic efficiencies was presented along with the
exergy destruction sources. Dumitrescu et al. [19] was developed
a computational model of a hybrid pressurized solid oxide fuel
cell generator/gas turbine power plant using classical thermody-
namic analysis in conjunction with electromechanical, fluid-
mechanical, and heat transfer simulations that the thermodynamic
analysis was based on energy and exergy balances, in the fuel cell
by a commercial software. An ethanol fed SOFC–GT system has
been parametrically analyzed in terms of exergy and compared
with a single SOFC system by Stamatis et al. [20]. Their results
indicated that for low current density values the single SOFC sys-
tem prevails over the SOFC–GT hybrid system in terms of exergy
efficiency, while at higher current density values the latter is more
efficient. Haseli et al. [21] examined the exergetic performance of
a high-temperature SOFC combined with a conventional recuper-
ative GT plant and also made a comparison between the
GT–SOFC plant and a traditional GT cycle, based on identical
operating conditions. Casas et al. [22] evaluated a SOFC system
integrated with an ethanol steam reforming unit by considering
the first and second laws of thermodynamics. They studied the
irreversibility losses distribution and the plant energy and exergy

efficiencies are studied at different reformer temperatures, water
to ethanol molar ratios, and fuel utilization factor. An increase of
efficiency and irreversibility at the stack was reported when the
reactants ratio is increased. Also, they reported that the higher
losses were placed at the steam reformer and the cell. Dincer et al.
[23] were reported the energy and exergy assessments of inte-
grated power generation using SOFCs with internal reforming and
a gas turbine cycle. Bang-Moller et al. [24] considered a hybrid
plant producing combined heat and power (CHP) from biomass
by use of a two-stage gasification concept, SOFC and a micro gas
turbine for optimization. They applied energy and exergy analy-
ses. Focus of their optimization study was heat management, and
the optimization efforts resulted in a substantial gain of approxi-
mately 6% in the electrical efficiency of the plant. Calderon et al.
[25] presented and discussed the results of an exergy analysis con-
ducted during the operation of a test-bed hybrid wind/solar gener-
ator with hydrogen support, designed and constructed at the
Industrial Engineering School of the University of Extremadura,
Badajoz (Spain). An exergy analysis is made of the different
components of the system, calculating their exergy efficiencies
and exergy losses, and proposing future improvements to increase
the efficiency of the use of the surplus energy produced by the
wind/solar generator. Hosseini et al. [26] performed energy and
exergy analyses of a residential PV fuel cell CHP system. Gaseous
hydrogen storage is considered as the energy storage option. The
hourly behavior of the system is examined to determine the hydro-
gen production rate and the overall efficiencies of the hybrid
system.

A solar PV electrolyzer system in combination with a coupled
SOFC and GT is recommended for supplying the electricity
demand in this study. It is possible for the PV system to generate
electricity in excess of the demand during off-peak hours. The sur-
plus electricity is used by the water electrolyzer for hydrogen pro-
duction. The hydrogen produced is stored in a storage tank. The
fuel cell-GT is fed with the hydrogen when hydrogen storage is
enough, and other fuels when the hydrogen tanks are empty. The
optimum combinations of the number of panels, the power of
SOFC–GT, and the power of electrolyzer from ecological, eco-
nomical, and reliability points of view are obtained by a multi-
objective optimization algorithm (PESA). The exergy loss of
some of these optimum solutions is compared with each other.
The effect of panel angle and SOFC–GT fuel type on the hybrid
system exergy loss is considered in this study. To obtain the worst
month from exergy loss view, the hybrid system exergy loss of
some different months of the year are compared.

2 System Description

Figure 1 illustrates a schematic diagram of the PV-coupled
SOFC and GT-electrolyzer hybrid system. The proposed system
consists of the PV panels, a coupled SOFC–GT system, an

Fig.1 The hybrid power generation system
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electrolyzer, the hydrogen tanks, the inverters, and other related
components.

The load demand is determined for each hour. If the generated
power from PV panels is greater than the load demand, the excess
power converts to hydrogen by electrolyzer as much as the power
of electrolyzer and stores in hydrogen tanks. If the generated
power from PV panels is lower than the load demand, the remain-
ing power is generated by SOFC–GT with hydrogen as fuel.
Finally, if the stored hydrogen is not enough to generate the
remaining power, SOFC–GT uses from other fuels (methane, pro-
pane, diesel fuel or ethanol) to generate power. However, if the
remaining power is greater than SOFC–GT power, this hour
marks an unmet load. The SOFC and PV panel generated power is
DC current, which is converted into the AC current by inverters.

3 Load Demand

In the present work, load demand is a representation of remote
households in Kerman, which are far from the electricity grid. The
load demand is determined for each hour from Electrical Distribu-
tion Company documentation. The measured annual average elec-
tric energy consumption of 500 typical households is considered.
The diagram of sample load has been plotted in Fig. 2, for four
different days.

4 Modeling of PV Panels

The solar energy calculations are made by using the hourly so-
lar radiation data. The electricity power generated by PV systems
is directly related to the solar energy received by PV panels, while
the PV panels can be placed at different tilt angles and orienta-
tions. Most local solar observatories only provide solar irradiance
data on a horizontal plane (Radiation in Kerman that is given
from Kerman’s Meteorological Organization, for four different
days of the year has been shown in Fig. 3). Thus, an estimate of
the total solar radiation incident on any required sloping surfaces
is needed. The HDKR model (Hay, Davies, Klucher, Reindl
model) is utilized to estimate the total solar radiation on the tilted
surface

IT ¼ Ib þ IdAið ÞRb þ Id 1� Aið Þ 1þ cos b
2

� �
1þ f sin3 b

2

� �� �

þ Ib þ Idð Þqg

1� cos b
2

� �
(1)

where Ib and Id are direct normal and diffuse solar radiations. Ai is
the anisotropy index, and Rb is the geometric factor, which are
defined as below

Ai ¼
Ib

Io

(2)

Rb ¼
cos h
cos hz

(3)

In the above relations, Io is the integrated hourly extraterrestrial
radiation on a horizontal surface; h and hz are incidence and zenith
angles, respectively. f is the cloudiness factor and is given by the
following equation:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Ib

Ib þ Id

r
(4)

In Eq. (1), b is the slope of PV panels and qg, the ground reflec-
tance (also called Albedo), is the fraction of solar radiation inci-
dent on the ground that is reflected. In this article, the ground
reflectance value is considered to be 45% according to the Ker-
man climate (dry/desert-covered area).

Hourly power output from PV system is given by

PPV ¼ ITgmgpcPfAPV (5)

where Apv is the total area of the PV modules in m2, gm is the
module reference efficiency (0.11), Pf is the packing factor (0.91),
and gpc is the power conversion efficiency (0.83). The module ref-
erence efficiency gm can be estimated from the current and volt-
age of the PV module at maximum power point

gm ¼
CumpVmp

GrAcs

(6)

where Cump is the current at maximum power point (A), Vmp is
the voltage at maximum power point (V), and Acs is the area of a
single PV module (m2). The solar radiation at reference condition
Gr in Eq. (6) is 1000 W/m2.

Exergy is defined as the maximum amount of work that can be
done by a system or a flow of matter or energy as it comes to equi-
librium with a reference environment. The exergy of the solar
radiation has been studied by many researchers. In this work, it is
given by [18]

Fig. 2 The load demand for four different days of the year for
500 households

Fig. 3 Radiation in Kerman for four different days of the year
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Ex
�

solar ¼ APVG 1� 4

3

T0

Ts

� �
þ 1

3

T0

Ts

� �4
" #

(7)

where Ts is the temperature of the Sun (5777 K), G is the global
incident irradiance, and T0 is the ambient temperature that obtain
from Meteorological Bureau documentation. Figure 4 shows the
ambient temperature of four different days of the year.

The energy of the solar radiation is given by

En
�

solar ¼ APVG (8)

The energy and exergy efficiencies of the photovoltaic system can
be shown to be

gen;PV ¼
PPV

En
�

solar

(9)

gex;PV ¼
PPV

Ex
�

solar

(10)

5 Auxiliary System

The SOFC is a complete solid-state device that uses an oxide
ion-conducting ceramic material as the electrolyte. It is therefore
simpler in concept than all the other fuel cell systems, as only two
phases (gas and solid) are required. The high operating tempera-
tures mean that precious metal electrocatalysts are not needed.
Both hydrogen and carbon monoxide can act as fuels in the
SOFC. A negatively charged ion (O¼) is transferred from the
cathode through the electrolyte to the anode. Thus, product water
is formed at the anode. Until recently, SOFCs have all been based
on an electrolyte of zirconia stabilized with the addition of a small
percentage of yttria. Above a temperature of about 800 �C,

zirconia becomes a conductor of oxygen ions (O¼), and typically
the state-of-the-art zirconia-based SOFC operates between 900
and 1000 �C. This is the highest operating temperature of all fuel
cells, which presents both challenges for the construction and du-
rability, and also opportunities, for example, in combined cycle
applications. A SOFC generates electrical power by continuously
converting chemical energy of a fuel into electrical energy
through an electrochemical reaction. The fuel cell itself has no
moving parts, making it quiet and reliable. The system has higher
efficiency compared to conventional combustion engines, because
it is not limited by Carnot efficiencies.

The gas turbine is an internal combustion engine that uses com-
bustion products as the working fluid. The engine converts chemi-
cal energy from fuel to mechanical energy. High-temperature
high-pressure gas from SOFC enters a turbine, where it expands
down to the exhaust pressure, producing a shaft work output in
the process. The turbine shaft work is used to drive the compres-
sor and the electric generator that is coupled to the shaft. It is
assumed that the cycle reaches a steady state; the pressure drops
in the connection tubes are neglected; there is no heat transfer
with the environment; and the gas turbine and compressors have a
given isentropic efficiency, respectively. The SOFC outlet gas
enters post-combustor. It is assumed that the combustion process
is performed adiabatically and completely.

According to Skarstein and Uhlen [27], the hourly fuel con-
sumption can be approximated as follows:

F:C: ¼ A� PðtÞ þ B� Pn (11)

where A and B� 0 are constants that are different for various
fuels, P(t) is the power generated at t moment, and Pn is the rated/
nominal power.

The rate of SOFC hydrogen usage in moles per second is

H2 usage ¼
_Wsofc

2VfcFUf

(12)

where Vfc is the fuel cell voltage, F is the Faraday constant, and
Uf¼ 0.85 is the fuel utilization.

The rate of SOFC fuel consumption in moles per second is
given as

SOFC Fuel Con: ¼
_Wsofc

2nVfcFUf

(13)

where n is the sum of the number of H2 and CO that yield from
reforming of one mole of fuel.

The rate of SOFC–GT fuel consumption in moles per second is
given as

SOFC-GT Fuel Con: ¼
_Wtotal

2nrVfcFUf

(14)

where r is the ratio of SOFC–GT power to SOFC power that
depends on the type of fuel and the type of SOFC reforming.
Table 1 shows the constant of A that is obtained from Eq. (11),
the constant of r, the constant of n and the amount of power that

Fig. 4 Temperature variation in Kerman for four different days
of the year

Table 1 Constants for different fuels

Hydrogen Methane Propane Ethanol Diesel fuel

Constant of A 0.558 (m3�KW h�1) 0.155 (m3�KW h�1) 0.213 (l KW h�1) 0.227 (l KW h�1) 0.148 (l KW h�1)
Constant of r 1.6112 1.4528 1.4789 1.5716 1.5078
Constant of n 1 4 10 6 35.5
GT net power per
500 kW SOFC–GT (kW)

189.67 155.86 161.91 181.85 168.39
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generated by gas turbine in coupled SOFC–GT for Steam Reform-
ing situation.

Taking the kinetic and potential energies involved in the elec-
trochemical processes to be negligible, the specific exergy of fuel
is given by the sum of its physical and chemical exergies

exfuel ¼ exchem þ exphy (15)

The chemical exergy of a substance is associated with the devia-
tion of its chemical composition relative to that of its surround-
ings. Values of the chemical exergies of different substances
taken from the literature are presented in Table 2. Physical exergy
is associated with the temperature and pressure of the gas, and is
expressed in terms of the differences in enthalpy and entropy
between the state of the gas and a reference state, defined in terms
of the ambient temperature and pressure. The exergy of the pro-
duced hydrogen and other fuels is essentially chemical exergy,
because the pressure and temperature of hydrogen and fuel deviate
little from the reference values of the surroundings. The energy
and exergy efficiencies of the SOFC–GT can be shown to be

gen;SOFC�GT ¼
Outlet Power

SOFC� GT Fuel Con:� LHVfuel

(16)

gex;SOFC�GT ¼
Outlet Power

SOFC� GT Fuel Con:�exfuel

(17)

6 Electrolyzer

Electrolysis is an electrochemical process in which electrical
energy is the driving force of chemical reactions. The electrolysis
of water is considered a well-known principle to produce oxygen
and hydrogen gas. The core of an electrolysis unit is an electro-
chemical cell, which is filled with pure water and has two electro-
des connected with an external power supply. At a certain voltage,
which is called critical voltage, between both electrodes, the elec-
trodes start to produce hydrogen gas at the negatively biased elec-
trode and oxygen gas at the positively biased electrode. The
amount of gases produced per unit time is directly related to the
current that passes through the electrochemical cell. Typical cell
voltages are 1.80 to 2.05 V. Electricity requirement is about 4.6
kW h (Nm3H2)�1.

The energy and exergy efficiencies of the electrolyzer is given
by

gen; electrolyzer ¼
Produced H2�LHVH2

Inlet Power
(18)

gex;electrolyzer ¼
Produced H2�exH2

Inlet Power
(19)

7 Inverter

A power inverter, or inverter, is an electrical device that
changes DC to AC. The converted AC can be at any required volt-
age and frequency with the use of appropriate transformers,
switching, and control circuits. In this study, 10 kW inverter with
92% efficiency has been used.

8 Objective Functions

The objective functions are as follows:

• The annualized cost (ANC): ($/year).
• The loss of power supply percent: loss of power supply

percent (LPSP) (%).
• The CO2 emission: (kg/year).

8.1 Cost. In finance, the annualized cost [28] is the cost per
year of owning and operating an asset over its entire life span.
ANC is often used as a decision-making tool when comparing
investment projects of unequal life spans. In the present study, to
compare different configurations of economical aspects, annual-
ized cost is used. To calculate ANC, annualized initial capital
cost, annualized replacement cost, and annualized operating and
maintenance cost will be added.

Annualized initial capital cost

Cacap ¼ Ccap � CRFði;RprojÞ (20)

where Cacap, Ccap, CRF, i, and Rproj are annualized initial capital
cost, initial capital cost, capital recovery factor, real interest rate,
and system life span, respectively.

Real interest rate

i ¼ f � i0

f þ 1
(21)

where i and f are nominal interest rate and inflation, respectively.
Real interest rate is considered equal to 0.25 [29].

Capital recovery factor

CFRði;RprojÞ ¼
ið1þ iÞRproj

ð1þ iÞRproj � 1
(22)

Annualized replacement cost

Carep ¼ Crep:frep:SFFði;RcompÞ � S:SFFði;RprojÞ (23)

where Carep, Crep, frep, SFF, Rcomp, and S are annualized replace-
ment cost, replacement cost, ratio of capital recovery factor, sink-
ing fund factor, and life span of component and salvage value,
respectively.

Sinking fund factor

SFF i;Nð Þ ¼ i

ð1þ iÞN � 1
; N ¼ Rcomp;Rproj (24)

Salvage value

S ¼ Crep �
Rrem

Rcomp

;Rrem ¼ Rcomp � Rproj � Rrep;Rrep

¼ Rcomp � INT
Rproj

Rcomp

� �
(25)

Ratio of capital recovery factor

frep ¼
CRFði;RprojÞ=CRF i;Rrep

� �
if Rrep > 0

0 if Rrep ¼ 0

	
(26)

Table 2 Chemical exergy and fuel consumption and fuel price of different fuels

Hydrogen Methane Propane Ethanol Diesel fuel

Chemical exergy (kJ mol�1) 236 831 2150 1400 7185
Fuel consumption of 500 kW SOFC–GT in full-load (kmol h�1) 11.34 3.138 1.232 1.928 0.326
Fuel price [31] 0.123($m�3) 0.232($l�1) 0.667($l�1) 0.852($l�1)
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Operating and maintenance costs are usually annualized.
Annualized cost

ANC ¼ Cacap þ Carep þ CaO & M (27)

Table 3 shows the initial, replacement, operation, and mainte-
nance cost of different components. This table also shows life
span and power of the components.

8.2 Reliability Reliability of the system is expressed in terms
of LPSP. The objective function, LPSP, can be described by

LPSP ¼

XNh

t¼1

hours½PsupplyðtÞ < PneededðtÞ�

Nh

� 100 (28)

In the above relation, Nh is the number of time intervals (8760,
number of hours in a year).

8.3 CO2 Emission. Table 4 shows CO2 emission of unit fuel
consumption for different fuels. The hours of SOFC–GT operation
and therefore fuel consumptions are specified, so by product the
fuel consumption to emission of unit fuel consumption, total emis-
sion will be determined.

A:C:E: ¼ A:F:C:� C:E: (29)

where A.C.E. is the total CO2 that produce during a year, A.F.C.
is the annual fuel consumption, and C.E. is the CO2 emission of
unit fuel consumption (Table 4).

9 Multi-Objective Optimization Evolutionary

Algorithm

The implemented multi-objective algorithm is based on PESA
[30] because it has relatively fast convergence, probably due to its
higher elitism intensity and it also has good accuracy. This algo-
rithm is in charge of finding the designs that manage to, simulta-
neously, minimize the ANC of the system, the pollutant emissions
and maximize the reliability.

PESA has two parameters concerning population size, i.e., PI
(the size of the internal population (IP)) and PE (the maximum
size of the archive or external population (EP)). It has one param-
eter concerning the hyper-grid crowding strategy. The main steps
in this algorithm are as follows: (i) Generate and evaluate each of
an initial IP of PI chromosomes and initialize the EP to the empty
set. (ii) Incorporate the non-dominated members of IP into EP.

(iii) If a termination criterion is reached, then stop, returning the
set of chromosomes in EP as the result. Otherwise, delete the cur-
rent contents of IP and repeat the following until PI new candidate
solutions have been generated. With probability Pc, select two pa-
rameters from EP. Produce a single child via uniform crossover
and mutate the child via bit-flip mutation. With probability
(1�Pc), select one parent and mutate it to produce a child. (iv)
Repetition of the same process.

(1) Generate and evaluate each of an initial IP of PI
chromosomes.

(2) Initialize the EP as empty set.
(3) For t¼ 1 to number of generations:

(3.1) Incorporate the non-dominated members of IP into EP.
(3.2) Delete the current content of IP.
(3.3) Until obtaining new solution of PI.

(3.3.1) Select two parents from EP with probability Pc

(3.3.2) Recombine these two parents for obtaining one
offspring

(3.3.3) Mutate the offspring
(3.3.4) Select one parent from IP with probability (1�Pc)
(3.3.5) Mutate the parent to produce one offspring
(3.3.6) Add the two obtained offspring into IP

(4) Return to 3

This algorithm is in charge of finding the designs that manage
to, simultaneously, minimize the ANC of the system, the pollutant
emissions, and the LPSP. It has been developed using the MAT-
LAB programming language. The algorithm (MOEA) can search
for the configuration of PV panels, batteries, auxiliary system, and
inverter (decision variables) which minimizes the three objectives
mentioned.

10 Results

Due to the depletion of fossil fuel reserves and increasing the
pollution, the use of solar panels for generating electricity is com-
mon now. Given the discontinuous nature of solar energy, using a
storage system to store energy in the day and supply it at night is
essential. In addition, auxiliary systems can use to increase the
reliability of the power generation system. Exergy analysis pro-
vide useful information, which can directly impact process
designs and improvements because exergy methods help in under-
standing and improving efficiency, environmental, and economic
performance as well as sustainability. In the present work, PV-
coupled SOFC and GT-electrolyzer hybrid system is used to gen-
erate the specified load demand. The most desirable hybrid system
is the one that has the least cost and the least emission. But cost
and emission are in conflict with each other. To obtain the opti-
mum solutions (solutions are different in the number of PV pan-
els, the power of electrolyzer, and the power of auxiliary system),
a multi-objective optimization (PESA) is used. These optimum
solutions that are known as Pareto frontier are brought in Fig. 5
for methane as SOFC–GT fuel. Table 5 shows three solutions of
this Pareto frontier that contain the number of panels, the power
of SOFC–GT, and the power of electrolyzer. In addition, Table 5
shows the annualized cost, CO2 emission, and reliability of these
three combinations. Figure 6 shows the exergy loss of these three

Table 3 Specifications of different components [32–35]

Power Initial capital cost ($kW�1) Replacement cost ($kW�1) O&M cost per year ($kW�1) Life span (years)

PV panel 200 W 1000–3000 0 0.0025 25
Electrolyzer � 450 405 0.1 15
Inverter 10� 10 KW 200–400 180–360 0.0015 15
SOFC–GT � 1100 990 0.0086 15

Table 4 CO2 emission per unit fuel consumption for different
fuels

CO2 emission

Methane 1.782 (kg m�3 methane)
Propane 1.53 (kg l�1 propane)
Ethanol 1.497 (kg l�1 ethanol)
Diesel fuel 2.329 (kg l�1 diesel fuel)
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combinations on 17 January. The PV panels’ exergy loss increases
with increasing in the number of panels. The total SOFC–GT
exergy loss in a day, when methane is used as fuel, is the fossil
fuel exergy loss. It is obvious that the combination of 1000 PV
panels, 500 kW SOFC–GT, and 110 kW electrolyzer causes the
least PV panels exergy loss and the most fossil fuel exergy loss
(678.3 kW). As seen in Table 5, CO2 emission of this combination
is much higher than the others. The combination of 3000 PV pan-
els, 500 kW SOFC–GT, and 510 kW electrolyzer causes the least
CO2 emission and the least fossil fuel exergy loss (261.6 kW), but
it causes the most PV panels exergy loss and the most annualized
cost. The combination of 2000 PV panels, 500 kW SOFC–GT,
and 310 kW electrolyzer is chosen to give the rest results of this
study.

Figures 7–9 show the inlet exergy, the outlet exergy, and the
exergy loss of different components of the hybrid system. These
results are obtained for 17 January. Also, the tilt angle of panels is
30 deg and the SOFC–GT fuel is methane. Figure 7 shows the
inlet exergy, the outlet power, and the exergy loss of PV panels.
Most of the inlet exergy (about 87%) is wasted because the effi-
ciency of PV panels is relatively small. Figure 8 shows the inlet
power, outlet exergy, and exergy loss of electrolyzer. Electrolyzer
converts the excess power of PV panels to hydrogen. The exergy
efficiency of the electrolyzer is about 58%; it means that about of
42% of this excess power is lost in hydrogen production process.
It is obvious that the electrolyzer inlet power depends on the PV
power and the load demand; therefore, figure fluctuations are due
to the load demand fluctuations. Figure 9 shows the inlet exergy,
the outlet power, and the exergy loss of the SOFC–GT. This auxil-
iary system converts chemical energy of fuel to electrical energy.
The exergy efficiency of SOFC–GT is about 67% when hydrogen
is used as fuel and 69% when methane is used as fuel. This differ-
ence is due to the difference between, the chemical exergy of vari-
ous fuels and the energy efficiency of the SOFC–GT when

various fuels are used in it. The SOFC–GT outlet power depends
on the PV power and the load demand; therefore, figure fluctua-
tions are due to the load demand fluctuations.

Figure 10 shows the inlet exergy, the outlet exergy, the stored
exergy, and the exergy loss of the hybrid power generation sys-
tem. Because of hydrogen production or consumption inside the
hybrid system, some amount of exergy can store or consume in
system. This amount of exergy is known as stored exergy which
can be positive or negative. It is positive when hydrogen is pro-
duced and it is negative when hydrogen is consumed. The inlet
exergy contains the PV panels inlet exergy and the SOFC–GT
inlet fuel exergy and the outlet exergy is equal to load demand. It
is obvious that the exergy loss of PV panels is more than the
others. Therefore, improving the efficiency of PV panels can
decrease the exergy loss of the hybrid system.

Figure 11 shows the exergy loss of the hybrid system in differ-
ent months for methane as SOFC–GT fuel. For the results of Fig.
11, the angle of panels is considered constant (30 deg) in different

Table 5 Three different solutions of multi-objective optimiza-
tion for methane as SOFC–GT fuel

CO2

emission
(kg year�1)

ANC
($year�1)

LPSP
(%)

Power of
SOFC–GT

(kW)

Number
of

panel

Power of
electrolyzer

(kW)

214,848 106,908 0 500 1000 110
147,700 144,649 0 500 2000 310
88,333 186,247 0 500 3000 510

Fig. 5 Pareto frontier of hybrid system for methane as
SOFC–GT fuel Fig. 6 Exegy loss of three optimum combinations on 17 Janu-

ary, SOFC–GT fuel: methane, tilt angle of panels is 30 deg

Fig. 7 Inlet exergy, outlet power, and exergy loss of 2000 PV
panels on 17 January, SOFC–GT fuel: methane, tilt angle of pan-
els is 30 deg
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months. Figure 12 shows the incident radiation on the tilt panels.
From Figs. 11 and 12, it is obvious that the exergy loss of the PV
panels depends on the incident radiation and the temperature. It is
independent from the load demand because the number of panels
is constant. The least PV panels’ exergy loss occurs in 17 January
when the incident radiation and the temperature are minimums.
The fossil fuel exergy loss depends on the load demand, the inci-
dent radiation, and the stored hydrogen. Increasing the incident
radiation and the stored hydrogen, and decreasing the load
demand can cause decreasing the fossil fuel exergy loss. Accord-
ing to the results in Table 6, although the incident radiation is the
most in 15 October, the fossil fuel exergy loss is the most in this
day because the load demand and so the methane consumption is
maximum. The fossil fuel exergy loss in 15 April is the least.
Although, the load demand in 15 April is greater than it in 17 Jan-
uary; the fossil fuel exergy loss in 17 January is greater than it in
15 April because the incident radiation in 15 April is greater.

Therefore, when the panels’ excess power is high and so hydrogen
production is high, the methane consumption and the fossil fuel
exergy decrease.

Figure 13 shows the exergy loss of the hybrid system for two
panel angle in 17 January. 30 deg is the optimum tilt angle of PV
panel in Kerman from incident radiation point of view on the
whole year, and 55 deg is the best tilt angle of PV panel in Ker-
man from incident radiation point of view on January. The exergy
loss of the hybrid system is greater when the tilt angle of panels is
55 deg. The number of hours that SOFC–GT uses hydrogen as
fuel, for 30 deg tilt angle is 3 h, and for 55 deg tilt angle is 4 h.
When the tilt angle of panels is 30 deg, SOFC–GT methane con-
sumption and fossil fuel exergy loss are 158.8 m3 and 460.2 kW,
respectively. And when the tilt angle of panels is 55 deg,
SOFC–GT methane consumption and fossil fuel exergy loss are
145.7 m3 and 422 kW, respectively. Although, the PV panels
exergy loss is greater when the tilt angle of panels is 55 deg, but
using the 55 deg tilt angle decreases methane consumption and
also the fossil fuel exergy loss.

Fig. 9 Inlet exergy, outlet power, and exergy loss of SOFC–GT
on 17 January, SOFC–GT fuel: methane, tilt angle of panels is
30 deg

Fig. 8 Inlet power, outlet exergy, and exergy loss of electro-
lyzer on 17 January, SOFC–GT fuel: methane, tilt angle of pan-
els is 30 deg

Fig. 10 Inlet exergy, outlet exergy, stored exergy, and exergy
loss of the hybrid system on 17 January, SOFC–GT fuel: meth-
ane, tilt angle of panels is 30 deg

Fig. 11 Exergy loss of the hybrid system for four different
days of the year, tilt angle of panels is 30 deg, SOFC–GT fuel:
methane
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Figure 14(a) shows the exergy loss of the hybrid system when
different fuels are used as SOFC–GT fuel. These results are for 17
January and the tilt angle of panels is 30 deg. It is obvious that
there is no difference when PV panels’ generation power can

supply the needed load. For better comparison in other time of the
day, a part of Fig. 14(a) is enlarged in Fig. 14(b). According to
Fig. 14(b), the most exergy loss occurs when ethanol is used as
SOFC–GT fuel and the least exergy loss occurs when diesel fuel
is used as SOFC–GT fuel. This exergy loss depends on the fuel
consumption and the chemical exergy. Diesel fuel as SOFC–GT
fuel causes the least fuel consumption in mol h�1; therefore, de-
spite the most chemical exergy, it causes the least exergy loss.
Ethanol as SOFC–GT causes high fuel consumption and it has
high chemical exergy; therefore, it causes the most exergy loss.

11 Conclusion

Exergy analysis quantifies the types, causes, and locations of
losses. When the number of panels increases, the PV panels’
exergy loss increases and the fossil fuel exergy loss decreases.
Because the inlet energy of panels is free, renewable, and clean,
increasing the number of panels is recommended ecologically.
Hydrogen production by electrolysis and conversion it to power
by SOFC–GT loses about 61% of the exergy that enters to electro-
lyzer from PV panels. The exergy loss of the SOFC–GT coupled
system depends on the outlet power and so the load demand. The

Table 6 Total load, SOFC–GT exergy loss, and fuel consump-
tion for four different days

17
January

15
April

17
July

15
October

Total load demand (kW h) 2378.4 2705.4 3085.2 3226.5
Total SOFC–GT exergy loss
when use methane as fuel (kW h)

460.2 435.7 582.4 662.3

Total methane consumption (m3) 158.8 150.4 201 228.6
The number of hours that
hydrogen can supply the
SOFC–GT needed fuel

3 4 4 3

Fig. 13 Exergy loss of the hybrid system on 17 January,
SOFC–GT fuel: methane

Fig. 12 Total radiation in Kerman for four different days of the
year, tilt angle of panels is 30 deg

Fig. 14 Exergy loss of the hybrid system on 17 January for
four different SOFC–GT fuels, tilt angle of panels is 30�
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exergy loss of the hybrid system changes during the year and
depends on the tilt angle of panels. The least PV panels’ exergy
loss occurs in January and the least fossil fuel exergy loss occurs
in April. Although, the best tilt angle of panels in the different
months causes greater PV panels exergy loss than the optimum tilt
angle of the whole year (30 deg), but the best tilt angle of every
month causes the least fuel consumption and the least fossil fuel
exergy loss. The best fuel from exergy loss point of view is diesel
fuel and the worst fuel is ethanol. But ethanol is a renewable fuel
made from corn and other plant materials. Plants convert CO2 to
O2 in photosynthesis process. Therefore, the ethanol production
process decreases CO2 emission. Because of this and according to
the depletion of fossil fuel reserves, the renewable sources of
energy will be in more attention in the near future.
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